Using a quantitative assay for measuring chemotaxis, we tested a variety of sugars and sugar derivatives for their ability to attract Escherichia coli bacteria. The most effective attractants, i.e., those that have thresholds near 10-5 M or and probably n-glucose-i-phosphate, are attractive only after conversion to the free monosaccharide, while the other attractants do not require breakdown for taxis. Nine different chemoreceptors are involved in detecting these various attractants. They are called the N-acetyl-glucosamine, fructose, galactose, glucose, maltose, mannitol, ribose, sorbitol, and trehalose chemoreceptors; the specificity of each was studied. The chemoreceptors, with the exception of the one for n-glucose, are inducible. The galactose-binding protein serves as the recognition component of the galactose chemoreceptor. E. coli also has osmotically shockable binding activities for maltose and n-ribose, and these appear to serve as the recognition components for the corresponding chemoreceptors.
Using a quantitative assay for measuring chemotaxis, we tested a variety of sugars and sugar derivatives for their ability to attract Escherichia coli bacteria. The most effective attractants, i.e., those that have thresholds near 10-5 M and probably n-glucose-i-phosphate, are attractive only after conversion to the free monosaccharide, while the other attractants do not require breakdown for taxis. Nine different chemoreceptors are involved in detecting these various attractants. They are called the N-acetyl-glucosamine, fructose, galactose, glucose, maltose, mannitol, ribose, sorbitol, and trehalose chemoreceptors; the specificity of each was studied. The chemoreceptors, with the exception of the one for n-glucose, are inducible. The galactose-binding protein serves as the recognition component of the galactose chemoreceptor. E. coli also has osmotically shockable binding activities for maltose and n-ribose, and these appear to serve as the recognition components for the corresponding chemoreceptors.
What is the repertoire of behavioral responses in an organism? For studies of chemotaxis, it is necessary to know which chemicals attract an organism and how these chemicals are detected. In this report we survey a number of sugars and sugar analogues for their ability to attract Escherichia coli bacteria, and we classify the attractants into nine groups, each detected by a different chemoreceptor. Portions of this work have been described earlier (1, 18, 19) . A previous paper reports on the ability of various amino acids and amino acid analogues to attract E. coli (32) .
MATERIALS AND METHODS
Chemotaxis assay. The details of' this procedure, including growth and preparation of bacteria, have been described recently (2) . In brief, it consists of the following. A capillary (1-,4liter disposable micropipette) containing a solution of attractant is placed into a 0.2-ml suspension of about 107 bacteria on a slide. The medium (10-2 M potassium phosphate at pH 7, and 10-i M ethylenediaminetetraacetate) allows motility and chemotaxis but not growth; the bacteria rely on their endogenous energy source. After incubation at 30 C for 1 h, the capillary is removed and the number of bacteria inside the capillary is determined by plating its contents and counting colonies the next day. The standard deviation for replicate determinations is 9% (2) .
82.
A typical concentration response curve is shown in the top curve of Fig. 1A . From such a curve or, better, from a double logarithmic plot of' the same data, one can extrapolate to a threshold concentration for accumulation inside the capillary, in this case about 10 -6 M. There is a peak concentration where the response (the accumulation in the capillary) is maximal, in this case about 10 -3M. At the highest concentrations, so much attractant diffuses out that the bacteria are saturated outside the capillary and do not enter in the time allowed.
The threshold concentration, the peak concentration, and the saturating concentration all depend on the affinity between the attractant and the chemoreceptor (R. Mesibov et al., J. Gen Physiol., in press). Furthermore, these values can vary over a 100-f'old range depending on the rate of' use of' the chemical. The less use and, hence, the less destruction of' the attractant gradient, the lower these concentrations (compare Fig. 4 and 13 in reference 1).
Bacteria. Unless otherwise indicated, Escherichia coli K-12 strain B14 (2), a wild-type streptomycinresistant bacterium, was used. We previously ref'erred to this strain as W3110 (1) . The galactose chemoreceptor mutants have been described previously (18, 19) . Other mutants, all E. coli K-12 strains, are described in the text and in Table 2 , together with a reference to indicate their source and f'urther properties.
Medium. The growth medium, containing mineral isopropyl-fl-thio-D-galactoside there was no detectable (<0.1%) D-galactose or 1-glucose. The 6-deoxy-1-glucose used was chromatographically pure and contained no detectable D-galactose, 1-glucose, or methyl-a-D-glucoside, according to W. Epstein. Hence, these compounds were not purified.
Other chemicals used in this study were not tested for purity and were not purified.
RESULTS
Survey of sugars and related compounds. Chemotaxis was measured by determining how many bacteria are attracted into capillaries containing the test chemical at various concentrations. We report the resulting concentrationresponse curve (example: top curve of Fig. 1A ) either by (i) showing it, (ii) listing the threshold concentration and the concentration and size of the peak response, or (iii) measuring the area under the curve. Table 1 presents a survey of various sugars and sugar analogues for their ability to attract E. coli. Also shown is the ability of these chemicals to serve as sole carbon and energy source for the growth of the bacteria.
The compounds that attract the bacteria most effectively, i.e., with thresholds of about 10-5 M or less, are shown in capital letters in Table 1 and are listed in the abstract. All but four of these had been tested for purity and purified if necessary (see footnote c in Table 1 ). These 19 compounds include representatives from a variety of types of sugars (pentoses, hexoses, disaccharides, amino sugars, deoxy sugars, and sugar alcohols), and there is no correlation with ability to serve for growth.
Many compounds attracted the bacteria less well, i.e., with a higher threshold. Such attraction could result from a small impurity of a highly attractive sugar. Thus, only purified compounds of this class can be confidently considered attractants. It is also possible that chemicals which attract weakly or not at all contain inhibitors of chemotaxis and are, in fact, excellent attractants. To test this, most of the inactive chemicals were tested for inhibition of taxis toward a good attractant, and no inhibition was found.
In addition to the chemicals listed in Table 1 , three synthetic sweeteners were tested and found to be inactive at concentrations of 10-7 to 10'-I M: benzoic sulfimide, sodium salt (sodium saccharin); cyclohexanesulfamic acid, sodium salt (sodium cyclamate); and p-phenetylurea (sucrol or dulcin). Gymnemic acid blocks sweet sensation in man (7) but not in arthropods (28) . When tested at 3 mg/ml, it failed to affect taxis toward D-glucose in E. coli.
How many chemoreceptors? We have presented evidence that bacteria detect attractants by means of "chemoreceptors" (1) . A chemoreceptor is defined as a sensing device that signals changes in the concentration of a chemical without requiring extensive metabolism of that chemical. How this device works is still unknown.
How many different chemoreceptors are involved in detecting the various sugar attractants? The criteria used to determine whether a chemical is detected by a given chemoreceptor are as follows.
(i) We determined that the chemical itself, not a metabolic product of it, is the attractant. This can be done by showing that the first product of metabolism is not an attractant, or by using a mutant that is blocked at an early step (preferably the first step) in the metabolism of the chemical.
(ii) Mutants are now available that are missing a particular chemoreceptor (18, 19 Fig. 1A ). We will show that a distinct chemoreceptor, the "galactose chemoreceptor," is responsible for its detection.
(i) Galactose itself is the attractant. Mutants that are more than 99% blocked in the oxidation of D-galactose, owing to the absence of the first three enzymes needed for its metabolism, are attracted normally to D-galactose (Table 2 and reference 1). Furthermore, a mutant, 20SOK-, that is 99.5% blocked in the uptake of D-galactose at 10-6 M, as well as being defective in the first enzyme of its metabolism, galactokinase, is attracted to it well (Table 2 and reference 1). As expected, if degradation of D-galactose is not required for taxis, a mutant, DF2000, that is blocked in the use of the resulting D-glucose-6-phosphate also shows normal D-galactose taxis (Table 2) .
(ii) Galactose chemoreceptor mutants. These mutants (18, 19) fail to carry out taxis toward D-galactose and seven additional attractants (Table 3 , column A, top 8 lines). Hence, these chemicals are detected only by the galactose chemoreceptor. The galactose chemoreceptor mutants show a reduced chemotactic response to D-glucose and four of its analogues (Table 3 , column A, lines 9-13), and thus these sugars are detected by both the galactose chemoreceptor and a "glucose chemoreceptor." The galactose chemoreceptor mutants show normal taxis toward the other sugars tested (Table 3 , column A), so these sugars must be adequately detected by some chemoreceptors other than the one for D-galactose.
(iii) Galactose competition experiments. In Fig. 1 (iv) Inducibility of galactose taxis. Figure  2A shows that bacteria grown on D-galactose give a greater response to D-galactose than bacteria grown on glycerol. When chloramphenicol is present during the assay, the difference between the D-galactose-grown cells and the glycerol-grown cells becomes more pronounced (Fig. 2B) . Chloramphenicol inhibits the response of the glycerol-grown cells presumably by preventing the synthesis of galactose chemoreceptor during the chemotaxis assay. The uninduced level of D-galactose taxis (glycerolgrown cells in the presence of chloramphenicol) is significant, but this is also the case for the enzymes of D-galactose metabolism (24) . Chloramphenicol does not markedly inhibit the response of the galactose-grown cells; this indicates that motility and chemotaxis do not require continued protein synthesis. In some strains, growth on D-mannose serves to induce o-galactose taxis (as for DF2000, Table 2 ).
As one would expect from the specificity of the galactose chemoreceptor, bacteria induced for D-galactose taxis are simultaneously induced for taxis toward D-fucose (Fig. 3) , L-arabinose, and D-xylose. This study has not been extended to the other attractants detected by the galactose chemoreceptor. The contrast between Dgalactose-grown and glycerol-grown cells is greater for D-fucose taxis than for D-galactose taxis (compare Fig. 2A and 3 ), perhaps because D-fucose can not serve as an energy source for induction of galactose chemoreceptor during the chemotaxis assay. l-D-Glycerol-/- Maltose Maltose Table  1 , since the threshold data are the same for the parent used and for B14. An exception to this is column C (see below). Percentage of parental response was calculated from measurements of areas under the concentrationresponse curves, as described in the footnote Table 4 . The peak concentration was the same for mutant, parent, and B14 (Table 1) , except in cases noted by footnotes. Chemotaxis was studied up to 10-1 M, except that for some of the purified chemicals 2 x 10-2 M was the highest concentration tried. Empty space indicates the experiments were not done. Column A, Except for lines 10 to 14 the galactose chemoreceptor mutant is AW520 (18, 19) and its response is compared with its galactose chemoreceptor revertant, AW521 (18, 19 ) (referred to here as the "parent"; the true parent is unknown). For lines 10 to 14 the galactose chemoreceptor mutant is AW543 and its parent is B275 (18); qualitatively similar results were obtained with AW520. The strains were grown on D-galactose for studies of chemotaxis toward attractants detected by the galactose and glucose chemoreceptors, and on the respective sugars for the remaining taxes, except glycerol plus 10- (Tables 1 and 2) for the parent and AW526 (18) (18, 23) that the galactose-binding protein (5, 8, 24) is the part of the galactose chemoreceptor that recognizes the chemicals detected by that chemoreceptor. This protein is also required for the transport of D-galactose by the methyl-galactoside permease (5, 8, 23) . The protein, which can be removed from cells by a mild osmotic shock (20) , has two dissociation constants for D-galactose, about 10-7 and 10-5 M (9). In shock fluid from uninduced (glycerol-grown) or induced (Dgalactose-grown) E. coli B14, it was present at 240 or 1510 pmol/mg of protein, respectively, as determined by procedures published previously (18) . The specificity for binding is similar to the specificity of the galactose chemoreceptor (18) .
D-Glucose taxis and a glucose chemoreceptor. D-Glucose is an attractant for E. coli (Table 1 and top curve of Fig. 1B) , and it is detected by both the galactose chemoreceptor and a "glucose chemoreceptor."
(i) Glucose itself is the attractant. DGlucose-6-phosphate, the first product of metabolism of D-glucose (15, 26, 27) , is a poor attractant (Table 1 ) even in cells induced for the transport of this phosphorylated sugar. Further, a mutant DF2000 that is 97% blocked in the oxidation of D-glucose is attracted to it perfectly well (Table 2 and reference 1).
(ii) Chemoreceptor mutants. The galactose chemoreceptor mutants are still attracted to D-glucose, although at threshold and peak concentrations that are 10-fold higher (Table 3 , column A) than wild-type bacteria (Table 1) . Thus, besides the galactose chemoreceptor, there is another chemoreceptor that can detect D-glucose, and this "glucose chemoreceptor" introducing the AW543 mutation (18) for the galactose chemoreceptor into ZSC103a, which lacks both of the enzymes II for D-glucose. The "parent," AW579, is an isogenic galactose chemoreceptor mutant produced by introducing the same galactose chemoreceptor mutation into ZSC71t, a strain closely related to ZSC103a but in which the two enzymes II for D-glucose are present. The ZSC strains were isolated and characterized by S. J. Curtis (Ph.D. thesis, University of Chicago, 1973) . Exceptions: For D-galactose and lactose, the parent was ZSC71t, since AW579 already has a galactose chemoreceptor mutation and hence shows no D-galactose taxis and practically no lactose taxis; and for maltose, the "parent" was B14 since AW579 fails to grow on maltose. Growth was on glycerol for attractants detected by the glucose chemoreceptor (lines 9-14) and on the respective sugars for the remaining attractants, except that for lactose growth was on glycerol plus 10- 3 M methyl-B-thio-D-galactoside. Column C, The mannitol chemoreceptor mutant is AW592 (isolated by G. W. Ordal and R. W. Reader), and its parent is AW591, a strain that is wild type for chemotaxis. Strains were grown on the respective sugars, except 1-glucose taxis was studied with cells grown on n-galactose. Doubling time for three mannitol taxis mutants and their parent was the same on glycerol or D-galactose; on D-mannitol it was 1.7 to 2.0 h and 1.4 h, respectively; on D-sorbitol 1.8 to 1.9 h and 1.6 h, respectively. Column D, The maltose chemoreceptor mutant is AW470 (for derivation see text), and its parent is B14. The strains were grown on glycerol plus 10-2 M maltose, except for trehalose taxis they were grown on trehalose, and for D-galactose and D-glucose taxis the parent was grown on glycerol.
bConcentration-response curve is shown in reference 19 . c The peak concentrations were 10-I M for parent and mutant. d The peak concentrations were 10-3 M for the parent and 10-3 to 10-2 M for the mutant. eThe peak concentrations were 10-I M for the parent and 10-2 M for the mutant. tThe peak concentrations were 10-I M for parent and mutant. ' The peak concentrations were 10-3 M for the parent and 10-l M for two mutants, AW592 and AW593. h The peak concentrations were 10-2 M for the parent and 10-3 M for the mutant.
' The peak concentrations were 10-2 M for parent and mutant. (Table 4) . However, if any of these sugars were detected by the glucose chemoreceptor, they might not severely affect D-glucose taxis, since D-glucose would still be detected by the more sensitive galactose chemoreceptor. Therefore, inhibition of D-glucose taxis was studied in a mutant lacking the galactose chemoreceptor (Table 5) . A number of the attractants had little or no effect, but there was inhibition by N-acetyl-D-glucosamine, Dmannose, D-sorbitol, D-mannitol, maltose, and D-glucosamine. Therefore, the glucose chemoreceptor appears to detect these in that decreasing order. However, the inhibition by maltose probably resulted from some breakdown to D-glucose and, since the N-acetyl-D-glucosamine and D-sorbitol used were not purified, inhibition by them could have resulted from contaminating D-glucose or other substrates.
(iv) Effect of growth in glucose on taxis. Owing to catabolite repression, wild-type E. coli grown on D-glucose make few flagella and hence are poorly motile (3, 41) , so their chemotaxis is expected to be poor. Such bacteria show essentially no taxis toward D-fucose or D-galactose (data not shown), but they do carry out slight taxis toward D-glucose (Table 6 ). This D-glucose taxis has a threshold at 10 -5 M, similar to D-glucose taxis in mutants lacking the galactose chemoreceptor. This result is further evidence for a glucose chemoreceptor and suggests that growth on D-glucose represses the galactose chemoreceptor but not the glucose chemoreceptor.
The glucose chemoreceptor appears to be constitutive. Wild-type bacteria grown on glycerol show excellent D-glucose taxis. This is not largely due to induction by D-glucose during the chemotaxis assay, since chloramphenicol in the assay did not inhibit strongly ( Table 6 ). Inducibility of the glucose chemoreceptor is better studied in a galactose chemoreceptor mutant, where the glucose chemoreceptor has primary responsibility for detecting D-glucose. We have a galactose chemoreceptor mutant (AW579) whose flagella synthesis happens to be resistant to repression by D-glucose. Whether grown on D-glucose or on glycerol, taxis toward D-glucose by this mutant was inhibited to about the same extent, and not severely, by chloramphenicol (Table 6) .
We did not find a binding activity for Dglucose in shock fluid from a galactose chemore- aThe accumulation of bacteria in capillaries containing attractant between 10-6 and 10-l M was determined at the end of 1 h with and without 200 gg of chloramphenicol per ml present in both the capillary and bacterial suspension. The chloramphenicol was added 20 min before the start of the assay. The curves were then plotted (see Fig. 2 
to 5 for examples).
After subtraction of the background (the value obtained with no attractant present), the area under each curve was measured with a planimeter; this area is called the "response." A standard deviation of 4.5% in the response was found when a single experiment was repeated for 8 days. For actual size of the response by bacteria grown on the attractant, see Table 1 . Column A reports experiments where chloramphenicol was absent. The column lists the ratios of response by attractant-grown cells to response by glycerolgrown cells. Ratios below 1.0 result from poor motility owing to catabolite repression of flagella synthesis. Column B compares the response in the presence and absence of chloramphenicol. Part of the inhibition by chloramphenicol can be accounted for by a small, but definite, inhibition of motility. This is evident from microscope observations and also from reduction of the background by 25% (average of 28 values). The bacteria used were E. coli strain B14. See footnote e for exception. "Attractant-grown cells" refers to bacteria grown on the attractant listed in the first column, with exceptions given in footnotes below. Empty spaces mean the experiment was not done. (Table 4) .
N-Acetyl-D-glucosamine and its chemoreceptor. N-Acetyl-D-glucosamine, an attractant for E. coli (Table 1) , has its own chemoreceptor, according to the following evidence.
(i) Chemoreceptor mutants. The mutant missing both the galactose and glucose chemoreceptors, grown on N-acetyl-D-glucosamine, is attracted to N-acetyl-D-glucosamine normally (Table 3 , column B). Hence these two chemoreceptors are not primarily responsible for its detection.
(ii) N-Acetyl-glucosamine competition experiments. In the wild-type strain, taxis toward N-acetyl-D-glucosamine is inhibited poorly or not at all by any of nine sugars tested, including D-glucosamine (Table 4) . Also, Nacetyl-D-mannosamine fails to inhibit (data not shown). This supports the notion of a separate and highly specific chemoreceptor for N-acetyl-D-glucosamine.
Conversely, in the wild-type strain, N-acetyl-D-glucosamine does not inhibit taxis toward D-fructose, D-galactose, or D-glucose ( Table 4) . Inhibition of taxis toward D-glucosamine and D-mannose in the wild-type strain ( Table 4 ) and inhibition of D-glucose taxis in the galactose chemoreceptor mutant (Table 5) (Table 5) .
As expected for a distinct chemoreceptor, fructose taxis by E. coli grown on D-fructose is inhibited little or not at all by the other hexoses, D-galactose, D-glucose, and D-mannose, or by any of the other chemicals shown in Table 4 . Sucrose is not an attractant (Table 1) nor does it inhibit D-fructose taxis. Thus, the fructose chemoreceptor shows a high degree of specificity for D-fructose.
(iv) Inducibility of fructose taxis. Bacteria grown on glycerol (Table 6) No binding activity for D-fructose was found in shock fluid from E. coli strain B14 grown on D-fructose.
Hexose phosphate taxis. Of nine hexose phosphates tested (Table 1) , only two are fairly good attractants: a-D-galactose-1-phosphate and a-D-glucose-l-phosphate. Induction of the hexose phosphate transport system by growth for one generation in the presence of D-glucose-6-phosphate or 2-deoxy-glucose-6-phosphate (11 and references cited there) does not result in improved taxis toward any of the hexose phosphates.
Taxis toward D-galactose-1-phosphate is totally inhibited by D-galactose (10-2 M) and is absent in a galactose chemoreceptor mutant. Taxis toward D-glucose-1-phosphate is 50% inhibited by D-galactose and 94% inhibited by D-glucose (both 10 -2 M); it is present in a galactose chemoreceptor mutant but absent in the strain lacking both the galactose and glucose chemoreceptors. Most likely, the attraction toward the two sugar phosphates results from taxis toward the free sugars produced by the periplasmic hexose phosphatase (11, 12) , or possibly the sugar phosphates are themselves detected by the respective sugar chemoreceptors, or there may be some contamination by the free hexoses. The first possibility is supported by the fact that growth of the bacteria on glycerol (instead of D-galactose), known to repress synthesis of the hexose phosphatase (12) (Table 3 , column C). These mutants are therefore regarded as defective specifically in a mannitol chemoreceptor.
(ii) Mannitol competition experiments. Taxis toward D-mannitol by wild-type E. coli grown on D-mannitol is eliminated by D-sorbitol (Table 4 ). This might indicate that the mannitol chemoreceptor can detect D-sorbitol; however, this is uncertain since commercial D-sorbitol can contain up to 2% D-mannitol (29) and the D-sorbitol used was not purified. There is partial inhibition by D-glucose but not by Dmannose, galactitol, or several other sugars tried ( Table 4) . The stimulation by some of the sugars (Table 4) is not explained. Except for the possible recognition of D-sorbitol and a very weak recognition of D-glucose, the mannitol chemoreceptor thus appears to be specific for D-mannitol.
D-Galactose and D-glucose taxis by wild-type E. coli grown on D-galactose is not affected by D-mannitol (Table 4) . D-Glucose taxis by the galactose chemoreceptor mutant is partially inhibited by D-mannitol (Table 5) . Thus, the galactose chemoreceptor does not detect D-mannitol, and the glucose chemoreceptor may detect it somewhat. D-Mannitol does not inhibit taxis toward any of the other sugars shown in Table 4 (except D-sorbitol) (see next section) and hence is not detected by the chemoreceptors responsible for those taxes.
(iii) Inducibility of mannitol taxis. Chloramphenicol inhibits D-mannitol taxis of glycerol-grown cells much more than it inhibits this taxis by D-mannitol-grown cells ( (Table 6) .
(ii) Sorbitol competition experiments. DSorbitol taxis by the mannitol chemoreceptor mutant AW592 grown on D-sorbitol was 90% inhibited by 10-2 M mannitol, which indicates some recognition of D-mannitol or there could be residual D-sorbitol in the purified D-mannitol used. It was completely inhibited by 10-2 M D-glucose, contrary to the result cited above with the strain missing the galactose and glucose chemoreceptors, and this difference is not understood. D-Sorbitol taxis by wild-type E. coli grown on D-sorbitol (Table 4) is eliminated by D-glucose and strongly inhibited by D-mannitol. It is weakly inhibited by D-mannose but not by galactitol or the other sugars tried (Table 4) . The sorbitol chemoreceptor thus may be able to detect, besides D-sorbitol, D-glucose, D-mannitol, and D-mannose, in that decreasing order.
Galactitol taxis. E. coli grown on D-galactose are attracted to galactitol (Table 1) , but chloramphenicol largely eliminates this taxis (Table  6 ). This indicates that the chemoreceptor that detects galactitol is induced during the assay and that it is not the galactose chemoreceptor. The strain of E. coli used here does not grow on galactitol; a mutant was isolated that does grow on galactitol, but its motility was poor and it was not studied further. We were unable to prepare motile cells preinduced for galactitol taxis; hence competition experiments could not be done in induced cells and are missing from Table 4 . The chemoreceptor that detects galactitol has, therefore, not been identified.
The strain missing both the galactose and glucose chemoreceptors, grown on D-galactose, does show galactitol taxis (Table 3 , column B). Hence these two chemoreceptors could not be primarily responsible for taxis toward galactitol.
Galactitol fails to inhibit taxis toward any of the chemicals listed in Table 4 , except D-mannose, so it is not detected well by any of the chemoreceptors responsible for those taxes. Since D-mannose is detected by the glucose chemoreceptor, the partial inhibition of D-mannose taxis could indicate that this chemoreceptor detects galactitol weakly, relative to D-mannose. Galactitol does not appreciably inhibit D-glucose taxis in the galactose chemoreceptor mutant (Table 5) , so the glucose chemoreceptor must detect it very weakly relative to D-glucose.
D-Ribose taxis and a ribose chemoreceptor. E. coli are attracted to D-ribose (Table 1) , and there is a separate chemoreceptor for D-ribose according to the following evidence.
(i) Ribose itself is the attractant. A mutant BJ503 that fails to grow on D-ribose or to metabolize it past the pentose stage, owing to a defect in transketolase (22) , shows normal Dribose taxis ( Table 2) . Absence of transketolase still allows the formation of the pentose isomers L-arabinose, D-ribulose, D-xylose, and D-xylulose (22) , but three of these attract E. coli with a threshold higher than for D-ribose (Table 1) ; D-xylulose was not available for testing.
(ii) Chemoreceptor mutants. There was normal D-ribose taxis in the mutants missing the galactose chemoreceptor, the galactose and glucose chemoreceptors, and the mannitol chemoreceptor, all grown on D-ribose (Table 3 , columns A-C). Hence these three chemoreceptors could not be primarily responsible for the detection of D-ribose.
(iii) Ribose competition experiments. Taxis toward D-ribose by wild-type E. coli grown on D-ribose is not much affected by the presence of' any of the sugars tested (Table 4) . Conversely, D-ribose inhibits poorly or not at all taxis toward these sugars except for the cases mentioned above where the suggestion is made that the galactose chemoreceptor may detect D-ribose weakly. D-glucose taxis by the galactose chemoreceptor mutant is unaffected by the presence of D-ribose (Table 5 ). Thus we conclude that D-ribose is detected primarily by a separate ribose chemoreceptor.
With regard to the specificity of the ribose chemoreceptor, D-ribulose attracts E. coli, J. BACTERIOL. (Table 1) . D-Ribulose (10-2 M) eliminates taxis toward D-ribose, and the converse is also true. However, it must be emphasized that contamination of the D-ribulose by D-ribose was not checked. L-Arabinose and D-xylose, detected by the galactose chemoreceptor, inhibit D-ribose taxis only 35 and 25%, respectively, when present at a concentration of 10-2 M. Other five-carbon sugars and sugar alcohols listed in Table 1 either were not attractants or had thresholds considerably higher than for D-ribose.
(iv) Inducibility of ribose taxis. Table 6 shows that growth on D-ribose results in better D-ribose taxis than prior growth on glycerol or (data not shown) on D-galactose, but inducibility is more clearly demonstrated with chloramphenicol ( Table 6) Maltose taxis and a maltose chemoreceptor. E. coli are attracted to maltose (4-o-a-Dglucosyl-D-glucose) ( Table 1 and top curve of Fig. 4) and, based on the following evidence, they have a specific chemoreceptor for that sugar.
(i) Maltose itself is the attractant. A mutant MB11 (MPE2) that lacks uptake of maltose (34) and a mutant MQ7 that lacks the first enzyme of maltose metabolism, amylomaltase (17) , are attracted perfectly well to maltose (Table 2) . (In these mutants maltose taxis is constitutive [see Table 2 ] as are the enzymes for maltose metabolism.) As expected if maltose degradation is not required for taxis, a mutant DF2000 that is blocked in the use of the resulting D-glucose-6-phosphate also shows normal maltose taxis (Table 2) . Below we present further evidence that maltose taxis is not primarily due to production of D-glucose, a first product of maltose metabolism.
(ii) Maltose chemoreceptor mutant. One maltose metabolism mutant we have investigated is not attracted to maltose, and we may therefore regard it as a "maltose chemoreceptor mutant," even though its defect is not limited to the chemoreceptor. This is AW470 (Table 2) , a derivative of B14 prepared by us by selecting for resistance to X phage and lack of maltose metabolism, i.e., it is a malT mutant (17) . This strain fails to be attracted to maltose, whether grown on glycerol or glycerol plus maltose ( Table 2; Table 3 , column D). This may be because maltose cannot enter the cells to induce the maltose chemoreceptor or because the gene for the maltose chemoreceptor may be shut off along with the genes for maltose metabolism.
This mutant shows nomal taxis toward Dgalactose and D-glucose (Table 3 , column D). This provides support for the conclusion that the chemoreceptor for maltose is different from the galactose and glucose chemoreceptors.
Further support for this conclusion comes from the finding that the strain missing both the galactose and glucose chemoreceptors still shows maltose taxis (Table 3 , column B). The reduced response to maltose may be explained if a portion of the attraction to maltose in wildtype bacteria grown on maltose is due to taxis toward the D-glucose produced.
(iii) Maltose competition experiments. Taxis toward maltose by wild-type bacteria grown on maltose is not inhibited by D-galactose, D-glucose, or any of the other sugars tried ( Table 4 ). The maltose chemoreceptor thus fails to detect any of these sugars, or detects them extremely poorly. Conversely, the presence of maltose inhibits little, or not at all, taxis toward D-galactose or D-glucose in wild-type E. coli grown on D-galactose (Table 4) , and it inhibits only partially taxis toward D-glucose in the galactose chemoreceptor mutant grown on Dgalactose (Table 5 ). Thus the galactose and glucose chemoreceptors detect maltose not at all or weakly.
(iv) Inducibility of maltose taxis. Wild-type E. coli grown on glycerol or D-galactose are attracted to maltose only slightly, but when grown on glycerol plus maltose, or on maltose, they are attracted strongly (Fig. 4 and growth on trehalose (Table 3, column D) .
The other disaccharides, cellobiose, lactose, melibiose, and sucrose, must also be detected weakly or not at all by the trehalose chemoreceptor since there is little or no taxis toward them in wild-type E. coli grown on trehalose, and the trehalose taxis by such cells is not appreciably inhibited by them at 10-2 M. Such cells show a full level of maltose taxis (200,000 bacteria per h at 10-3 M) that is not inhibited by 10-2 M trehalose; apparently trehalose induces the maltose chemoreceptor, and it is known to induce the enzymes of maltose metabolism (35) .
Trehalose taxis is inducible (Table 6 ).
(iii) Trehalose taxis due to glucose production in glucose tactic strains. The amount of D-glucose produced from trehalose, and possibly accumulating in the periplasmic space or excreted, will depend on the activity of trehalase.
(See "Lactose taxis" for a discussion of how the hexose produced might lead to taxis.) This enzyme and its inducibility have not been studied in E. coli to our knowledge, and we have not directly tested for the accumulation of D-glucose.
Wild-type bacteria grown on trehalose show trehalose taxis that is strongly inhibited by D-glucose but is inhibited little by D-galactose (Table 4) . This is expected if the bacteria are attracted by the D-glucose that they produce from the trehalose. (See "D-glucose taxis" for partial inhibition of D-glucose taxis by D-galactose.) Inhibition by maltose (Table 4) can result from conversion of maltose to D-glucose since the trehalose-grown cells are known to be induced for maltose metabolism (35 Fig. 5) . It is the D-galactose (and also some D-glucose) which accumulates that accounts for this attraction. The evidence for this follows.
(i) Inducibility of lactose taxis. Wild-type E. coli grown on glycerol (Fig. 5) The excretion of D-galactose (6) and D-glucose (P. Wayne and L. Shapiro, unpublished data) by E. coli metabolizing lactose has been demonstrated by others. Some f-galactosidase may leak out of the cells and cleave lactose to the hexoses, or the accumulated hexoses might be excreted; then the hexoses can attract other bacteria. It is also possible that the hexoses do not have to leave the cells; in this case the bacteria would be guided by the concentration of intracellular or periplasmic hexose, which would reflect the concentration of lactose externally. Indeed, Macnab and Koshland (30) have reported that bacteria sense time gradients of attractants: a change in concentration of hexose at the chemoreceptor sites, as the bacterium swims about, should evoke a chemotactic response.
DISCUSSION
We have surveyed various sugars and sugar derivatives for their ability to attract Escherichia coli (Table 1) . Although many compounds were found to be attractive, only 19 showed a high degree of attractiveness (i.e., with thresholds of about 10-5 M or lower).
Previously, we demontrated that bacteria detect attractants by means of chemoreceptors-specific sensing devices that signal changes in concentration' of chemicals without requiring uptake or metabolism of the chemicals, or energy production from them (1) .
The present results confirm and extend this conclusion that the attractants themselves are detected, i.e., that breakdown of the attractants, resulting in extensive metabolism and production of energy, is not required for taxis. Using criteria presented in Results we have been able to classify most of these 19 best sugar attractants into nine groups, each handled by a different chemoreceptor. We wish to caution that the evidence is not equally strong for each of the chemoreceptors. Thus only for the galactose, glucose, maltose, and mannitol chemoreceptors have chemoreceptor mutants been isolated so far. To establish more securely the a Based on thresholds (see Table 1 ) and competition experiments (Table 4 and existence and specificity for each chemoreceptor, it will be necessary to find mutants for each of the remaining chemoreceptors. Table 8 lists the nine chemoreceptors and summarizes their specificity.
We have presented evidence (18) that the part of the galactose chemoreceptor which recognizes the attractants is the galactose-binding protein (5, 8, 23 ). This material is released from the cells by osmotic shock and presumably resides in the space between the cell membrane and the cell wall (the periplasmic space) (20) . This protein also plays a role in the transport of D-galactose by the methyl-galactoside permease (5, 8, 23) . The finding that the galactose-binding protein is the recognition component of the galactose chemoreceptor led us to test for shockable binding proteins for other sugar chemoreceptors (18) . Such activities were -found for maltose (18; 0. Kellermann, unpublished data) and D-ribose (4, 18) , and these presumably serve as recognition components for the respective chemoreceptors. Where sought, binding activities were not detected for the other chemoreceptors (D-fructose, D-glucose, D-mannitol, trehalose). This could mean that the affinity for the substrates was too low to allow measurement by the assay used, that the substrates were altered by enzymes present, or that the recognition components of these chemoreceptors are not released from the cells by osmotic shock.
Recently we have found evidence that the enzyme II complex of the phosphotransferase system (26) can serve as recognition component for chemoreceptors that detect attractants transported by that system. In fact, the "glucose chemoreceptor mutant" described in Results lacks the two known (13, (13, 27) , D-fructose (14, 16, 27) , N-acetyl-Dglucosamine (40), D-mannitol (38) , and D-sorbitol (29) . This list includes nearly all of the chemoreceptors for which shockable binding activities were not found. The enzymes II are known to be firmly bound to the cytoplasmic membrane (27) and are apparently not released by osmotic shock (25) . Preliminary results with mutants lacking the enzyme II for D-fructose (14) or D-mannitol (38) indicate that they fail to carry out those taxes and, hence, that the enzymes II are components of the respective chemoreceptors. Yet there must be additional components for a chemoreceptor since the Dmannitol taxis mutants show a near-normal growth rate on D-mannitol (see footnote a, Table 3 ).
There is, thus, a very close relationship between chemotaxis and transport; the two processes share certain components. However, transport itself is not required, at least for the galactose chemoreceptor (1) and the maltose chemoreceptor. The enzyme II mutants which lack taxis also lack transport; for these systems it still has to be determined if transport is required for taxis. The mechanism by which interaction of an attractant with its transport system brings about a chemotactic response remains to be elucidated. Although for all the attractants one or more transport systems are known, the converse is not true-there are chemicals with known transport systems that are not attractants.
Why only these particular sugars are detected by E. coli is unknown. Sugar taxis must provide a selective advantage for bacteria by allowing them to find an energy and carbon source. Presumably, during the evolution of these bacteria certain sugars were present in their environment, and thus selection for the development of chemoreceptors for those sugars was favored. No doubt other kinds of bacteria that live in different environments will be found to have a different set of chemoreceptors.
